Patients with cirrhosis frequently present with high serum ferritin and low transferrin concentrations, reflecting impaired liver function and inflammation. Recent studies have shown that transferrin and its saturation with iron are Model for End-Stage Liver Disease-independent predictors of mortality in patients with acute-on-chronic liver failure or decompensated cirrhosis. The aim of this study was to evaluate the prognostic utility of serum iron parameters in relation to markers of liver function and immune activation. Clinical, demographic, and biochemical data were retrospectively analyzed from a cohort of 1255 consecutive patients with cirrhosis (age 18 years) who presented from August 1, 2004 until December 31, 2014 at the University Hospital of Innsbruck. Patients with malignancies at diagnosis including hepatocellular carcinoma were excluded. Survival analysis was carried out by Cox regression by using baseline laboratory parameters, and findings were validated in an independent patient cohort. During a median follow-up of 2.4 years, 193 deaths occurred and 254 patients underwent liver transplantation. In patients with transferrin < 180 mg/dL, 3-month, 1-year, and 5-year transplant-free survival estimates were significantly lower (91.7%, 79.0%, and 30.5%) when compared with the group of patients with transferrin 180 mg/dL (98.9%, 95.5%, and 68.0%, P < 0.001). Transferrin predicted transplant-free survival independently of Model for End-Stage Liver Disease-sodium (MELD-Na) and C-reactive protein (CRP) in multivariate regression analysis including all patients. When patients with alcoholic or nonalcoholic fatty liver disease were excluded, transferrin was in addition an albumin-independent predictor of transplant-free survival. In conclusion, the association of transferrin with transplant-free survival is independent of MELD-Na score and CRP. In patients without fatty liver disease, transferrin also predicts survival independently of albumin.
The Model for End-Stage Liver Disease (MELD) has evolved as a reference staging system for cirrhosis and is used for prognosis, evaluation for liver transplantation, and donor liver allocation.
(1-3) Incorporating sodium, age, or albumin into modified MELD scores improves accuracy in predicting survival in patients with cirrhosis. (4) (5) (6) (7) (8) In search for additional prognostic parameters, high ferritin at the time of listing for liver transplantation was identified as an independent predictor of wait-list mortality, (9) but the prognostic utility of ferritin could not be reproduced in a larger cohort. (10) When transferrin saturation was taken into consideration, ferritin could predict mortality on the waiting list and after orthotopic liver transplantation. (11) Iron overload was therefore proposed as a risk factor for mortality in patients with liver disease. Accordingly, transferrin and transferrin saturation have also been identified as predictors of survival in patients with decompensated cirrhosis and acute-on-chronic liver failure (ACLF). (12, 13) Transferrin is lower in patients with cirrhosis and impaired synthetic function. (14) High ferritin and low transferrin can indicate inflammation, (15, 16) which is also a risk factor for disease progression and mortality in cirrhosis. In addition, alcohol and metabolic factors can directly affect iron metabolism. (17) (18) (19) Hence, it remains unclear if altered iron metabolism is cause or consequence of advanced liver disease in different etiologies.
The effect of inflammation and hepatic function on serum iron parameters was assessed by correlating serum ferritin, transferrin, and transferrin saturation with C-reactive protein (CRP) and albumin. The prognostic utility of all these parameters was determined by survival analysis in a large cohort of unselected patients with cirrhosis.
Patients and Methods

PATIENT DEMOGRAPHICS AND LABORATORY DATA
Derivation Cohort
From a cohort of consecutive 1437 patients (age 18 years) with liver cirrhosis who presented from August 1, 2004 to December 31, 2014 at the University Hospital of Innsbruck, 182 patients with hepatocellular carcinoma or other malignancy at diagnosis were excluded, resulting in a final study cohort of 1255 patients (Fig. 1) . Diagnosis of cirrhosis was made according to clinical, biochemical, and imaging criteria. (20) We received ethical approval by the ethics committee of the Medical University of Innsbruck to conduct this study.
Clinical, demographic, and biochemical data were collected by retrospective review of patient charts. MELD score was calculated according to the United Network for Organ Sharing (UNOS) model, in which a MELD score over 11 requires serum sodium correction (Model for End-Stage Liver Disease-sodium [MELD-Na]). (3, 6, 7) The majority of patients (79%; 989 patients) were outpatients. The remaining 266 patients were hospitalized; 65 (5%) of whom were treated in an intermediate care unit. The start date of this cohort corresponds to the first assessment of serum iron parameters, and study end points were death, liver transplantation, or last follow-up. Accordingly, prognosis was calculated using 3-month, 1-year, and 5-year transplant-free survival, in which patients who underwent liver transplantation or were lost to follow-up were right-censored.
Validation Cohort
In order to validate the results of this investigation, a cohort of 596 unselected patients with cirrhosis was included in the 2 study centers: Innsbruck (302 patients) and Vienna (294 patients) from January 1, 2004 to March 31, 2016. Inclusion criteria were identical to those applied to the derivation cohort.
STATISTICAL ANALYSIS
SPSS Statistics, version 22.0.0.1 (IBM Corp., Armonk, NY) and MedCalc, version 17.7.2 (MedCalc Software, Ostend, Belgium) were used for statistical analysis, and a significance value of 0.05 was considered in all statistic tests. Kolmogorov-Smirnov test was used to test normality of distribution. Not normally distributed variables were reanalyzed after logarithmic transformation. Continuous variables were reported by using median and interquartile range and analyzed by using Student t test or the Mann-Whitney U test, as appropriate. Categorical variables were expressed in frequencies (with percentages in parentheses) and tested for significance using the v 2 test or the Fisher's exact test. Survival models were built based on univariate and multivariate Cox regression analysis. For survival analysis, 3-month, 1-year, and 5-year transplant-free survival rates were analyzed. Receiver operating characteristic (ROC) calculations were performed, and the Youden index was applied to calculate the optimal transferrin cutoff point. Kaplan-Meier analysis was then carried out to determine survival according to transferrin levels and groups were compared using the log-rank test. Correlation analysis for transferrin, CRP, and albumin were carried out using the Spearman's rank correlation coefficient because all 3 variables did not show a normal distribution.
Results
To determine whether transferrin is a predictor of survival in unselected patients with cirrhosis, clinical and biochemical parameters were retrospectively assessed in a cohort of 1255 cirrhosis patients. During a median follow-up of 2.4 years (95% confidence interval [CI], 0.1-9.0), 193 (15%) deaths occurred, and 254 (20%) patients underwent liver transplantation. For validation, an independent cohort of patients was recruited at the liver centers in Innsbruck and Vienna. Baseline patient characteristics of the derivation and validation cohort are shown in Table 1 .
Univariate Cox regression analysis showed that ferritin, transferrin, and transferrin saturation, but not serum iron, were significantly associated with transplant-free survival. Of all serum iron parameters, transferrin is the only independent predictor of survival in the derivation and validation cohort ( Table 2) . ROC curve analysis showed that the best cutoff for transferrin to predict 3-month transplant-free survival is 180 mg/dL (Fig. 2) . The 3-month, 1-year, and 5-year transplant-free survival estimates were significantly lower in the group of patients with transferrin < 180 mg/dL (91.7%, 79.0%, and 30.5%) when compared with the group of patients with transferrin 180 mg/dL (98.9%, 95.5%, and 68.0%; Table 4 ; Fig. 3A ). Stratification based on transferrin also showed that patients with transferrin < 180 mg/dL were more likely to be male and have cirrhosis due to alcoholic liver disease (ALD) or nonalcoholic fatty liver disease (NAFLD) as an underlying etiology. Patients with low transferrin also had more advanced liver disease (higher MELD-Na score), higher white cell count, and higher levels of CRP (Table 4) .
To test if etiology had an impact on the predictive power of transferrin, we next grouped patients according to underlying disease. This analysis showed that transplant-free survival was not significantly different in the ALD-or NAFLD-associated cirrhosis group when compared with all other etiologies (log-rank P 5 0.10). Transferrin independently predicted transplant-free survival in the group of patients with cirrhosis caused by diseases other than ALD or NAFLD (hazard ratio [HR], 0.988; 95% CI, 0.985-0.992; P < 0.001). Individual subgroup analysis for patients with ALD or NAFLD showed that transferrin was significantly associated with transplant-free survival (ALD-HR, 0.535; 95% CI, 0.318-0.900; P 5 0.02; NAFLD-HR, 0.572; 95% CI, 0.443-0.739; P < 0.001), but this association was lost for both subgroups when MELD or MELD-Na was added to a multivariate model (data not shown).
To further study the impact of cirrhosis stage on the utility of transferrin for prognosis, we analyzed patient subgroups with MELD-Na 15 and patients with MELD-Na < 15, which is the accepted cutoff for transplant evaluation. (21) As shown in Fig. 3B , transplant-free survival was significantly higher in patients with transferrin 180 mg/dL in the cohort with a MELD-Na score < 15 (P < 0.001). In the group of patients with MELD-Na score 15, this association was lost, showing that transferrin is a better predictor of survival at earlier liver disease stages (Fig. 3C) .
Next, the effect of inflammation on transferrin concentration and its association with mortality were assessed using CRP as a surrogate parameter. Figure 4 shows a nonlinear but significantly negative correlation between transferrin and CRP, which confirms that transferrin is a negative acute phase reactant. As shown in Table 3 , multivariate Cox regression analysis including all patients showed a stronger prediction of mortality for transferrin than for CRP. These results were confirmed in the validation cohort.
To assess the interactions between hepatic synthetic function and transferrin, albumin was next included in the analysis. Pearson correlation showed a stronger and linear association between transferrin and albumin (Fig. 4B) . Multivariate Cox regression analysis including albumin revealed different results for the derivation and validation cohort. In search for factors accounting for these differences, patients were grouped by disease stage (MELD-Na cutoff 15) or by etiology. As shown in Table 5 and in accordance with previous studies, (22) MELD-Na is a poor predictor of survival in patients with early cirrhosis (MELD-Na < 15). In this patient group, albumin remained the only independent predictor of survival in the derivation and validation cohort. When patients with ALD or NAFLD were excluded, on the basis that alcohol and metabolic syndrome directly affect serum iron parameters, transferrin was a predictor of transplant-free survival independently of MELD-Na, CRP, and albumin in both cohorts (Table 6 ).
Discussion
Beyond the immediate implications for predicting outcomes, studying prognostic factors in patients with NOTE: Data are given as n (%) or median (interquartile range). *n 5 351.
cirrhosis helps improve our understanding of disease pathogenesis and could ultimately lead to the identification of new therapeutic targets. Recent studies have
shown that serum iron parameters are independent predictors of survival in patients awaiting liver transplantation, ACLF, and critically ill patients. (11) (12) (13) 23) A main finding of this study is that of all serum iron parameters, transferrin is the best prognostic parameter and it is independent of MELD-Na. In contrast to the ACLF cohort, where the best cutoff for transferrin was 87 mg/dL, the best predictive power of transferrin in our cohort for a 3-month and 1-year survival was 180 mg/dL. This highlights both the severity of alterations in iron metabolism in ACLF, as well as the need to individualize cutoffs according to disease stage. Reduced transferrin concentration in patients with cirrhosis can be attributed to impaired hepatic function, inflammation, alcohol consumption, or metabolic syndrome. In our study, transferrin correlates significantly with CRP but predicts survival independently of inflammation. In contrast, transferrin does not predict transplant-free survival independently of albumin. In patients with MELD-Na < 15, where this established score has poor discriminative accuracy, (22) albumin remained the best predictor of survival in both cohorts. When alcohol and metabolic effects were excluded from the model, by selecting only patients with viral, genetic, cholestatic, and autoimmune etiology, transferrin was confirmed as a predictor of transplant-free survival independently of MELD-Na, CRP, and albumin. The finding that patients with fatty liver disease have significantly lower transferrin concentration confirms that alcohol and metabolic factors directly suppress transferrin synthesis. This effect could explain why albumin is a stronger predictor of survival than transferrin when also patients with fatty liver disease are included in the survival analysis.
Association studies cannot discern if altered serum iron parameters are a mere consequence or a driver of disease progression in patients with cirrhosis. Regardless of the exact hierarchy of events, excess iron will impair different immune effector functions and can induce ferropotosis-a recently identified form of programmed cell death triggered by iron. (24, 25) Toxic nontransferrin-bound iron species increase when plasma transferrin concentration decreases and are specifically taken up by hepatocytes. (26) Accordingly, hepatic iron overload has been histologically reported in 32.4% of patients with end-stage liver disease. (27) Impaired hepatocellular function has also been associated with decreased hepcidin production, which can lead to uncontrolled release of iron from cells. Reduced plasma iron binding capacity and increased iron release in cirrhosis could therefore promote hepatocellular iron toxicity in cirrhosis. The results from our study support the hypothesis that increasing iron binding capacity in plasma could improve survival in patients with cirrhosis. This can be achieved by administering apotransferrin (28) or hepcidin agonists, which are currently in clinical development. (29) In conclusion, our study shows that transferrin predicts transplant-free survival independently of MELD-Na score in unselected patients with cirrhosis. Regardless of etiology and cirrhosis stage, transferrin 180 mg/dL is associated with significantly better prognosis. More complex survival modeling in this large cohort shows that the prognostic value of transferrin is independent of inflammation. Albumin appears to be a stronger predictor of survival than transferrin in patients with ALD and NAFLD. The albumin-independent association of transferrin with survival in patients without fatty liver disease confirms that alcohol and metabolic factors represent an additional burden on iron metabolism and influence how serum iron parameters predict survival in patients with cirrhosis.
